A rechargeable organic-air flow battery based on aqueous electrolytes is proposed and tests are conducted in a divided cell with a three-electrode configuration. Quinoxaline is used as the negative redox couple due to its low electrode potential of c.a. -0.9 V vs. Hg|HgO in aqueous electrolytes. High-surface-area nickel mesh and manganese-dioxide electrodes were employed for oxygen evolution and reduction, respectively, together with a low-cost hydroxide doped polybenzimidazole (m-PBI) separator (c.a. 20 µm). In typical alkaline electrolytes (2 M NaOH), the open-circuit voltage of the flow battery was c.a. 0.95 V, which is comparable to existing organic-based batteries. The average charge and discharge cell voltage ranges were 1.7 -1.95 V and 0.4 -0.7 V, respectively, at 5 -10 mA cm -2 . Despite using low-cost materials, average coulombic and energy efficiencies of the batteries were c.a. 81 and 25 %, respectively, at 7.5 mA cm -2 over 20 cycles.
Introduction
Redox flow batteries have been investigated extensively for mid-to large-scale applications. These devices are not reliant on geological or geographical factors, in contrast to hydro and compressed-air storage, and are more easily up-scaled than conventional batteries [1] [2] [3] . However, the capital costs of conventional flow batteries, e.g., all-vanadium, are still too high (> USD$ 250 / kW h) for extensive market penetration, due mainly to the use of expensive active materials (e.g., vanadium: c.a. USD$ 25 Kg -1 ) and fluorinated ionexchange membranes (Nafion ® 117: c.a. USD$ 250 m -2 ); in previous cost models [4] , they are estimated to be more than 30 % and 40 % of the overall capital cost, respectively. In order to meet the US Department of Energy (DoE) cost target of USD$ 100 -150 / kWh, it is perhaps necessary to use lower-cost alternative materials rather than rely on (possible) economies of scale [5] . Suitable candidates are organic active species (e.g., quinone [6] [7] [8] , alloxazine [9] , viologen [10, 11] , and dione [12] ), which are reversible and involve multi-electron transfers. The use of such organic species has been demonstrated in a number of aqueous and non-aqueous systems [13 -16] .
Despite their wider electrochemical stability window, non-aqueous electrolytes are often flammable, volatile and moisture-sensitive. Furthermore, the cost and ionic conductivities are not competitive compared to their aqueous counterparts. As reported in a recent cost
Broader context
Redox flow batteries are considered to be realistic candidates for medium-and large-scale energy storage applications, in terms of scalability and safety. Conventional redox flow batteries, however, use expensive and rare metals (e.g., vanadium) as the active redox species, which has become the main barrier to their wider deployment and deeper market penetration. The use of alternative species that are abundant, low-cost and readily sourced is clearly desirable. Recent developments in organic-and air-based batteries offers some promise in this respect. Many of the recently used organic active species possess reasonable solubilities, multi-electron-transfers and highly negative electrode potentials (comparable to those of aqueous metal-air batteries). In aqueous metal-air batteries (e.g., zinc-air), the electrodeposition process often restricts the storage capacities (< 1000 mA h cm -2 ), leads to large overpotentials and can even lead to early short circuits due to the formation of dendrites. The replacement of metallic anodes with organic soluble species should therefore combine the advantages of both organic-flow and air-based battery systems. study [17, 18] , it is important to obtain cell voltages as high as 3 V in order to meet the DoE cost target. This is a highly challenging target based on the current status of non-aqueous flow battery chemistries [13] . For these reasons, the focus of this paper is an organic redox flow battery concept based on aqueous electrolytes. Bearing in mind that many organic active materials have limited solubilities (< 2 M) in aqueous electrolytes, an air or oxygen positive electrode could provide a means of increasing the energy densities, as in various (aqueous) metal-air batteries [19] . However, the storage capacities of existing metal-air batteries (e.g., zinc-air) are still limited to < 1,000 mA h cm -2 by the electrodeposition process at the metal anode [20] .
Recently, Chiang and co-workers [21] proposed a sulfur-air flow battery, using soluble polysulfide electrolytes. Despite the use of low-cost active materials (< US$ 10 / kW h), the proposed system also employed expensive cell components, such as a ceramic super-ionic conductor separator (LiSICON) and noble-metal catalysts (IrO2 and Pt black) for the oxygen evolution/reduction reactions [21] . The ceramic film used to separate the negative (alkaline) and positive (acidic) electrolytes was up to 150 µm thickness. The ionic conductivities of most LiSICON films are c.a. 0.28 -0.6 mS cm -1 between 20 and 55 o C [21] . Moreover, it is known that metal ions (e.g., Ti(IV)) within the ceramic structure (e.g., Li2+x(Al1+xTi1-x)(PO4)3) have a tendency to undergo reduction by protons in acidic electrolytes (< pH 7), resulting in a lower ionic conductivity in the long-term [22] .
Although the oxygen electrode potential is higher in acidic electrolytes (+1.23 V vs. SHE compared to +0.40 V vs. SHE in alkaline media), alkaline electrolytes provide the possibility of using low-cost catalysts (transition or other metal oxides) rather than noble metal catalysts for oxygen evolution and reduction [19] . In this study we therefore use alkaline electrolytes in both half cells. Without compromising the battery voltage, the alternative active materials for the negative half-cell should be based on abundant sources, such as organic materials, and have lower electrode potentials than the reported polysulfide species (-0.447 V vs. SHE), as well as potentials that are comparable to those used in aqueous metal-air batteries (e.g., zinc, < -0.7 V vs. SHE).
Aziz and co-workers [7] used 2,6-dihydroxyanthraquinone in an alkaline organic-inorganic flow battery with a negative electrode potential of -0.7 V vs. SHE and a solubility of 0.6 M for the active species in a 1 M hydroxide electrolyte. On the other hand, Brushett and co-workers [23] evaluated the voltammetric behavior of quinoxaline under a wide range of electrolyte compositions (from acidic to alkaline, also in non-aqueous electrolytes [24] ). Their study revealed that this molecule has an electrode potential as negative as -0.8 V vs. SHE (more negative than c.a. -2.6 V vs. Li in non-aqueous propylene carbonate) and a solubility of up to 4 M in hydroxide electrolytes. However, to the best of our knowledge, the chargedischarge profiles of quinoxaline static batteries are described only in a recent patent [25] .
Compared to the use of acidic electrolytes in both half-cells, the use of alkaline electrolytes is less common in redox flow batteries and is mainly limited to certain hybrid systems using electrodeposited metal anodes (e.g., zinc-ferricyanide) [20] . These systems are often less demanding in terms of the crossover of active species between the two half cells. In contrast, a large number of separators/ membranes have been evaluated in the contexts of alkaline fuel cells and electrolyzers, in which the current densities are often higher than 100 mA cm -2 . Compared to conventional porous separators (filled with an aqueous base) and anion-exchange membranes, ionsolvating polymer membranes, particularly polybenzimidazole (PBI) membranes, have received a great deal of attention in recent years due to their selectivities, negligible electro-osmatic drag and strong mechanical properties [26, 27] . The pore sizes of PBI membranes often range from 0.5 nm to 2.0 nm, on average smaller than those in Nafion® membranes (2 -4 nm, based on parallel water channel model) [26, 28] .
By doping in a strong alkaline, such membranes allow aqueous hydroxide to be dissolved within their structures. As a consequence of their nano-sized pores, crossover issues can be minimized and thinner membranes can be used [29] . PBI membranes have been proposed for all-vanadium redox flow batteries, where strong acids (e.g., 2M H2SO4) are used in both half-cells [26, 27] . Although the proton conductivities of PBI membranes (< 20 mS cm -1 ) are still several factors smaller than those of Nafion® membranes (50 -120 mS cm -1 ) in concentrated acids (> 2 M H + ) [26, 31] , these membranes have been prepared with low thickness (< 30 µm), resulting in higher energy efficiencies than their Nafion® counterparts (thickness > 50 µm) [26, 27] .
Among a number of PBI derivatives, poly(2,20-(mphenylene)-5,50 -bibenzimidazole) (m-PBI) is the most widely used due to its processing characteristics and straightforward synthesis routes. The performance of m-PBI membranes depends on the hydroxide concentrations in the electrolytes. The preparation method and physiochemical properties of this membrane, e.g., volume change and chemical stability, have been evaluated by one of the authors in Please do not adjust margins
Please do not adjust margins recent studies [29, 30] . Together with this membrane, we intend to use low-cost materials, e.g., nickel and manganese dioxide, as electrodes to facilitate the sluggish oxygen (evolution/reduction) reactions. Since oxygen evolution is known to have a much larger overpotential than the reduction reaction, a high-surface-area nickel mesh was used to minimize the overpotential. On the other hand, an 'air-breathing' manganese dioxide electrode was used for the oxygen reduction process, which can discharge at up to 100 mA cm -2 with an overpotential of a few hundred mV, in primary zinc-air batteries. The overall descriptions of the experimental designs are available in the Supplementary Information.
Based on the aforementioned materials, this study evaluated the fundamental electrochemical characteristics of the quinoxaline and air electrode reactions, which are essential to the development of a proof-of-concept organic-air flow battery (illustrated in Figure 1 ). During the charging process, quinoxaline is reduced in the negative half-cell to form mainly as a divalent anion radical through a single wave process (a two-electron transfers), which is later reduced during the discharge process [21] . However, several alternative routes are described in Supplementary Information.
In the positive half-cell, oxygen evolution and reduction are the same as in most aqueous metal-air batteries [19] :
Considering that oxygen is the charged active product and is continuously supplied from atmospheric air, the circulation of the positive electrolyte in this proof-of-concept battery was to avoid trappings of oxygen bubbles generated during the charging (oxygen evolution) process, which have a tendency to displace the electrolyte for the case of a static system. In practical systems, the volume and flow rate of the positive electrolyte should be minimized to reduce the pumping losses and improve the energy densities. Furthermore, it should be noted that these reactions are represented in the charging direction and are significantly different in acidic electrolytes (Supplementary Information). The overall discharge voltage is expected to be lower than the theoretical value due to the substantial overpotentials of the oxygen reactions. Figure 2a shows the combined voltammograms of the quinoxaline reaction and oxygen evolution, in which the measurements were made by sweeping the electrode potential at 10 mV s -1 under static electrolyte conditions. The working electrode for the negative electrode reaction was glassy carbon. On the other hand, both nickel and manganese oxide were used at the positive electrode. It can be seen that the reduction of quinoxaline involves a pair of reduction and oxidation peaks at c.a. -1.0 V vs. Hg|HgO, and appears to be a quasi-reversible process before excessive hydrogen evolution is observed at highly negative potentials (< -1.58 V vs. Hg|HgO). The cathodic and anodic peaks were observed at -1.2 and -0.8 V vs. Hg|HgO, respectively. The overall voltammogram was similar to those reported by Milshetein et al. [23] under similar conditions, which provided strong evidence of the two-electron transfer nature of quinoxaline. Figure 2b shows the effect of the potential sweep rate (4 to 64 mV s -1 ) on the cyclic voltammetry of quinoxaline on a glassy carbon electrode under the same conditions. The cathodic and anodic peak current densities increased linearly with the square root of the potential sweep rates, as indicated by the Randles-Sevick relationship ( Figure S4 ), suggesting that the reaction was diffusion controlled: Please do not adjust margins
Please do not adjust margins in which IP is the current in A, n is the number of electrons transferred (assumed to be two), α is the transfer coefficient (assumed to be 0.5), F is the Faraday constant in C mol -1 , A is the electrode area in cm 2 , D is the diffusion coefficient in cm 2 s -1 , C is the electrolyte concentration in mol cm -3 , ν is the scan rate in V s -1 , R is the molar gas constant (8.3145 J mol −1 K −1 ) and T is temperature in K. The diffusion coefficient of quinoxaline was calculated to be 1.5 × 10 -6 cm 2 s -1 in this work (using the Randles-Sevcik relationship (3)), which is consistent with previous work based on the assumption of a twoelectron transfer [23] .
For the oxygen (evolution or reduction) reactions, cyclic voltammetry was carried out in different geometries. Since the nickel electrode is not permeable to air, it was immersed completely in the solution for oxygen evolution. For these reasons, the reversible peaks observed at c.a. +0.4 V vs. Hg|HgO do not correspond to the oxygen electrode reaction. Instead, they are attributed to the surface conversion of nickel hydroxide (Ni(OH)2 + OH -↔ NiO(OH) + H2O + e -), as generally described in the literature [32] . It should be noted that a thin layer of NiOH2 is formed instantly when nickel is in contact with the hydroxide solution, as indicated by a relatively small current density (3 mA cm -2 ).The corresponding charge (c.a. 1 m C cm -2 ) was equivalent to a monolayer of a slightly rough surface [32] and provide an ultrafast pseudo capacitive behaviour. In comparison, oxygen evolution tends to take place at a potential that is more positive than +0.6 V vs. Hg|HgO and the rate increases significantly toward more positive potentials. Despite the relatively large current density, the overpotential of oxygen evolution was significant, and needs to be further reduced.
The commercial manganese-dioxide electrode contained a porous PTFE film, which minimized pore-flooding by the electrolyte and enabled air to enter into the electrode from the other side of the electrode. Different from the negative quinoxaline reaction, no distinct peak is observed in the voltammogram, as reported in the literature [33, 34] . In addition to the oxygen evolution/reduction reactions, the voltammetric response tends to include the redox reaction of Mn 3+ /Mn 4+ and the double-layer charge storage of the high-surface-area porous carbon. In alkaline electrolytes, the electrochemical reduction of MnO2 to MnOOH (MnO2 + H2O + e -↔ MnOOH + OH -) takes place alongside the reduction of oxygen [33, 34] .
MnO2 has a more positive electrode potential than that of the oxygen reaction, so the reduction product Mn 3+ is easily oxidized back to MnO2, resulting as a quasi-reversible process [34] . The voltammogram in Figure 2a shows that the cathodic and anodic current at the MnO2 electrode become appreciable at c.a. +0.2 and c.a. -0.1 V vs. Hg|HgO, respectively. The discharge performance was briefly in line with the technical information provided by the supplier in concentrated hydroxide (e.g., 6.6 M OH -). It is also important to note that both oxygen evolution and reduction tend to be more favourable at concentrated hydroxide solutions [19, 32] , which tend to decrease the solubility limit of quinoxaline (4.5 M in pure deionized water; 0.5 M in 1 M OH -; < 0.2 M in 2 M OH -) [23] .
Based on the combined voltammogram in Figure 2a , the charge and discharge voltages were estimated to be 1.8 and 0.8 V, respectively. The half-cell reactions were further investigated independently at 7.5 mA cm -2 in a parallel plate flow cell using practical electrode materials. Conventional high surface area carbon felts were used as the negative electrode materials, while a nickel mesh and a commercial positive manganese-dioxide 'air-breathing' electrode were used at the positive electrode. Nickel mesh is known to be chemically stable [35] and the metal oxide and hydroxide are efficient catalysts for oxygen evolution [36] . On the other hand, manganese oxides are attractive catalysts for oxygen reduction due to their rich oxidation states and crystal structures [37] . They have been commercialized for a number of applications [38] . Please do not adjust margins
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By ignoring the influence of the other electrode, the half-cell electrode performance was evaluated for different charge-discharge durations, representing different states-of-charge (SOCs) (Figures 3a  and 3b ). For the negative half-cell, the electrolyte was 50 mM quinoxaline in 2 M NaOH, which was initially almost colourless and turned to yellow during the reduction process. At a higher hydroxide concentration, the colour was less visible than in previous work using < 0.1 M OH - [23] . However, the overall colour change was not particularly obvious during the electrochemical processes. Throughout the reduction and oxidation processes, the electrode potentials were c.a. -1.13 and c.a. -0.85 V vs. Hg|HgO, respectively, showing that the overpotential was relatively small with the highsurface-area carbon felt electrode, as shown in Figure 3a .
When more quinoxaline had been reduced (> 15 mins), however, hydrogen evolution became more dominant at more negative electrode potentials (< -1.25 V vs. Hg|HgO), resulting in coulombic efficiencies of lower than 80 %. Despite the two-electron transfer, the usable capacity was only 20 % of its theoretical value (412 mA h g -1 , 2 electron-transfers). However, this value was still higher than previous work using non-aqueous solvents (e.g., propylene carbonate) in an inert environment (glovebox) [39] .
For the positive half-cell electrode reactions, a nickel mesh and 'airbreathing' manganese dioxide were used for the oxygen evolution and reduction reactions, respectively (Figure 3b ). In the case of the nickel mesh, only the oxygen evolution profile is shown in Figure 3b , since the electrode potential reached a value more negative than -0.8 V vs. Hg|HgO in the first few minutes of the reduction process. This demonstrates that oxygen reduction was not effective with this material (or/and geometry). However, the electrode potential of oxygen evolution tended to be relatively stable at around +0.55 V vs. Hg|HgO over different charge durations (and less than +0.6 V vs. Hg|HgO for more than 4 h). This potential was slightly lower than that observed in the earlier voltammogram, with the reduced overpotential attributed to the mesh electrode.
On the other hand, a certain reversibility was observed on the charge-discharge response with the use of the 'air-breathing' manganese dioxide electrode, which could be partly due to the redox reactions of Mn 3+ /Mn 4+ and the double-layer charge storage of porous carbon [33, 34] . Compared to the oxidation potential profile on the nickel mesh, the potential on manganese dioxide tended to be lower in the beginning and increased gradually over time. For the reduction process, the electrode potential was relatively stable at c.a. -0.2 V vs. Hg|HgO. However, prolonged oxidation (e.g., 10 h) has a tendency to damage the manganese dioxide electrode. It has been observed that both MnO2 and carbon particles detach from the electrode surface (Supplementary Information) and result in weight loss of up to 26 %.
For the reasons above, a three-electrode configuration was selected for charge-discharge cycling in a full-battery. In contrast to the halfcell study, the full battery was influenced by the two half-cell reactions and the other cell components. The separator was particularly important since it minimized the crossover of the active species to the other compartments. The permeation of quinoxaline species through the hydroxide doped m-PBI membrane (20 µm, inset in Figure 4 ) by diffusion was evaluated in a dialysis cell (Supplementary Information). Quinoxaline molecules diffuse through the membrane towards the deficient side under a concentration gradient. In Figure 4 , the change in quinoxaline concentration (in the form ln(cE/(cE − cD))) is plotted against time. The gradient of this line was used to calculate the diffusion coefficient value of 3.4 × 10 -8 cm 2 min -1 , which is significantly smaller than the values for vanadium ions across the expensive Nafion® ion-exchange membrane (× 10 -6 cm 2 min -1 ) and is comparable to those using similar membranes (× 10 -8 cm 2 min -1 ) [40] . Please do not adjust margins
The main drawback of this separator was its relatively large area resistance in less concentrated hydroxide solutions (< 2 M OH -); it can be 2 -3 times less conductive than at c.a. 3.6 M OH - [29, 30] . Lower concentrations can lead to poorer performance for the oxygen evolution reaction [19, 32] When 2 M NaOH was used as in this work, the area resistance of the separator was c.a. 11 Ω cm 2 , as determined by both impedance and ohmic drop measurements. This was consistent with previous findings that resistances are several factors higher in alkaline than in acidic electrolytes [13] . In addition to the separator, there are also contact resistances associated with each electrode. Figure 5 shows the Nyquist impedance plots of the half-cells and the full battery, from which the contact resistances and activities of the electrodes can be estimated. The impedance of the full battery is larger than the combined impedance of the half-cells due to the contribution of the separator. In general, the impedance of quinoxaline electrode was smaller than that of the air electrode, since the reaction on the former was facilitated by the high-surface-area carbon felt electrodes. The resistance values based on curve fitting are provided in Table S1 .
In a full battery, however, the overall cell potential drop between charge and discharge was mainly caused by the overpotentials of the air electrode reactions, as illustrated in Figure 6a . These overpotential values were obtained by subtracting the equilibrium potentials (open-circuit potentials) from the measured values (Eneg or Epos) through the reference electrodes (η = E -Eeq), which represents the activation and mass transport losses. The ohmic drop across the separator (and the electrolytes) can be measured between the two reference electrodes. The ohmic drop contributions of the other components, e.g., electrical contacts, can be obtained by deducting the membrane values from the overall ohmic drop (IRoverall = Ecell -EIRfree, where EIR-free = Eneg -Epos).
Even at low current densities, the overpotentials were more than 400 mV and 200 mV for the oxygen evolution and reduction reactions (using a nickel mesh and an 'air-breathing' manganese dioxide, respectively). At 5 mA cm -2 , the overpotentials (< 700 mV) are comparable to those in the literature [19, 41] . Rather than using conventional electrode materials, the oxygen overpotentials can be further improved with recently developed low-costt catalysts, such as iron oxide and nitrogen doped carbon for the evolution and reduction reactions, respectively [32, 42] .
However, the obtained overpotential values did not increase significantly at higher current densities. This is consistent with the voltammetric results in Figure 2a and the relatively low chargetransfer resistance obtained through (half-cell) impedance spectroscopy in Figure 5 . On the other hand, the overpotentials at the quinoxaline electrode were lower than 120 mV in this current density range (up to 20 mA cm -2 ) due to the use of high-surface-area felt electrodes. Despite the relatively large area resistance of the separator, the contributions of the other components were c.a. 6 -8 Ω cm 2 , bearing in mind that a relatively large gap (8 -8.5 mm) was used to accommodate the two electrodes in the positive half-cell compartment. Further development of bifunctional oxygen catalysts [43] can simplify the cell design and reduce the inter-electrode gaps [44] . Some recent work also shows reasonable performance at low hydroxide concentrations (i.e. ≤ 1 M) [43] .
In comparison, the internal resistance of the previous all-vanadium redox flow battery of Kazacos et al. [45] was estimated to be 5.4 Ω cm 2 using a concentrated acid (4 H + ) and carbon felt electrodes at 23 o C; the area resistance of Nafion ® was estimated to be c.a. 1 Ω cm 2 [46] . Figure 6b shows the half-cell electrode potentials and the resulting cell voltage vs. time profiles at 5, 7.5 and 10 mA cm -2 . It can be seen that the average charge and discharge cell voltage ranges were 1.7 -1.95 V and 0.4 -0.7 V, respectively. Outside this current density range, the charge and discharge voltages are summarized in Figure 6c . After charge, the open-circuit voltages were between 0.9 and 1.3 V. It is evident that the oxygen electrode potentials were relatively stable during the charge-discharge process. Considering that both oxygen and hydroxide are abundant in atmospheric air and the electrolyte, the quinoxaline reaction appears to be the limiting reaction in the full battery.
Similar to the half-cell study in Figure 3a , hydrogen evolution became significant after prolonged charge and led to lower coulombic efficiencies. For instance, the coulombic efficiency decreased to 68 % at 10 mA cm -2 . In relation to the low voltage efficiencies (< 40 %), the polarizations were mainly attributed to the overpotentials at the oxygen electrode reactions, as discussed earlier. However, further increases in these values at higher current densities were primarily influenced by ohmic drops in the battery components, particularly in the separators. In addition to minimizing the inter-electrode gap (e.g. the use of bifunctional oxygen catalysts), it is also important to minimize the internal resistance by using more conductive components and higher concentrations of hydroxide electrolytes, without significantly compromising the solubilities and increasing species crossover.
Under similar conditions, the cycling performance of the battery over 20 cycles (15 min charge, at 7.5 mA cm -2 ) is illustrated in Figure 7a . The cell voltage profile was mainly influenced by the negative (quinoxaline) electrode overpotential, which increased with the cycle number, resulting in higher charge voltages (hence, lower voltage efficiencies). This can be attributed to hydrogen evolution (particularly at < -1.25 V vs. Hg|HgO) considering quinoxaline is the most negative redox reaction in aqueous electrolytes. In contrast, the oxygen evolution and reduction reactions remained relatively stable over these cycles.
The corresponding system efficiencies and discharge capacities are summarized in Figure 7b . Both the coulombic efficiencies and discharge capacities decrease gradually during cycling as a result of several possible factors: (1) hydrogen evolution; (2) crossover between the two electrolyte compartments; and (3) the chemical stabilities of the active species. Over these 20 cycles, the average coulombic and energy efficiencies were calculated to be 81 % and 25 %, respectively. The resulting battery was still functioning but with energy efficiencies lower than 20 % due to the deterioration in performance.
The system we have developed combines attractive features of both organic flow and air-based batteries and opens up a new research direction. Further development could benefit from recent advances in computational modelling and synthetic techniques for organic molecules to explore organic active species of high specific energies. A number of other challenges need to be addressed before scaling up for practical applications. For instance, the power density of the current system is still relatively low. To allow for higher current densities, it is essential to reduce the overpotentials of the oxygen 
Conclusions
In summary, a proof-of-concept organic-air battery using low-cost materials has been evaluated from its fundamental chemistry to the lab-scale charge-discharge performance of a full-battery. Quinoxaline was selected as the negative redox species, with an electrode potential of up to c.a. -0.95 V vs. Hg|HgO. With the use of atmospheric air, the electrolyte cost of the proposed system is currently USD$ 32 / kW h, and could be lower than USD$ 20 / kW h in the medium to long term (achieving 0.7 V, USD$ 5 kg -1 , 32 % theoretical capacity & full 2 electron-transfers) (Supplementary Information).
Due to the use of low-cost components, the cost of a module based on a Regenesys® design (USD$ 18000) was also estimated to be around half of that of a typical all-vanadium redox flow battery (USD$ 35000) as shown in Figure 8 (detailed calculations are available in the Supplementary Information). Despite the relatively low current density (e.g., 7.5 mA cm -2 ), the charge and discharge cell voltages were c.a. 1.8 V and c.a. 0.5 V, respectively, which are comparable to the recently developed all-organic aqueous flow battery of Yang et al. [8] (c.a. 0.5 V).
The system we have developed combines attractive features of both organic flow and air-based batteries and opens up a new research direction. Further development could benefit from the recent advances in computational modelling and synthetic techniques for organic molecules to explore organic active species of high specific energies. A number of other challenges need to be addressed before scaling up for practical applications. For instance, the power density of the current system is still relatively low. To allow higher current densities, it is essential to reduce the overpotentials of the oxygen electrode reactions, minimize the internal resistance of the battery and effectively suppress side reactions at the negative electrodes, while improving the solubilities of the negative organic molecules by incorporating suitable functional groups, particularly at low hydroxide concentrations. Further improvements in other low-cost catalysts and cell architectures (e.g., bifunctional oxygen electrodes [43] ) are needed as in previous systems [47 -51] .
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